Nonnal mode analysis (NMA) is applied in a molecular-dynamics simulation of liquid CS 2 , modeled with a potential including internal degrees of freedom. The entire supercooled liquid range, from the glass transition at 100 K to melting at 165 K, and the nonnalliquid from 165 to 293 K, are studied at P = 1 atm. The nonnal modes of the liquid are classified as translation parallel (trans-Ii) and perpendicular (trans-J..) to the molecular axis, rotation, symmetric stretch, antisymmetric stretch, and bend. The configuration-averaged density of states, (p(w», with both stable and unstable modes, is correspondingly decomposed into separate contributions (p'Y(w», with y=trans-II, etc. The trans-II. trans-J.., and rotational velocity correlation functions, and diffusion constants D 'Y, are shown to be calculable from the same NMA techniques previously developed for atoms, so long as the appropriate (p'Y(w» is used. Agreement between NMA theory and simulation is extremely good for the trans-l.. velocity correlation function and for the diffusion constants in the lower temperature range, is good for the trans-II velocity correlation, and is fair for the rotational velocity correlation. Anharmonicities within wells of the many-body potential are seen to be more important in CS 2 than in atomic liquids. At higher temperatures the rotational unstable modes, (p~ot(w)), show a double-peak structure. It is proposed that the separate contributions of anharmonicity and barrier crossing are causing the two peaks, and a possible connection, respectively, with the separate f3 and Ct relaxation processes, observed in supercooled liquids, is suggested. Several other aspects of liquid-state NMA, including connections with spectroscopic measurements, are briefly considered.
I. INTRODUCTION
Interest is growing in the application of nonnal mode analysis (NMA) to liquids. Since NMA provides a textbook description of harmonic crystals, one would guess, correctly, that it is most valuable for the most solidlike liquids, i.e., supercooled liquids. Almost all work in this area so far has involved atomic systems. Recently Buchner et al. 1 have perfonned NMA on liquids of diatomics, Moore 2 has studied flexible CS 2 , while Sastry3 and Sastry et al., 4 have investigated water. It is clear that NMA of molecular liquids is rich in interesting new features and challenges.
In this paper, we carry out NMA in a molecular dynamics simulation of both nonnal and supercooled liquid states of CS 2 , using the potential from Ref. 2, one which includes internal (intramolecular) degrees of freedom. We show that time correlation functions and the various self-diffusion constants, D 'Y, may be related to quantities derived from NMA. The same ideas which have proved so fruitful for atoms 5 ,6 are seen to be applicable to molecules, so long as the modes are classified according to type and employed appropriately. The modes of a CS 2 molecule are translation parallel (trans-II) and translation perpendicular (trans-J..) to the long axis. rotations (rot), symmetric and antisymmetric stretching, and bending. Thus, the molecular system possesses trans-II velocity correlations, trans-J.. velocity correlations, rotational velocity correlations, and corresponding diffusion constants. We decompose the collective nonnal modes of the liquid in the same way, and the distinct mode types play distinct roles in detennining the liquid-state dynamics.
The central object in liquid state NMA is 7 the averaged density of states, (p(w»; for a given configuration ro the frequencies, the square roots of the eigenvalues of the force constant matrix, G, are binned, yielding p(w;ro>. and a configuration average is performed. As explained by Stillinger and Weber,S it is very helpful to visualize the dynamics in the "configuration space" (c-space), where the point representing all the coordinates moves over the N -body potential surface, U. This surface has a global minimum, for the crystal structure, and many local minima, corresponding to disordered solid configurations and connected by saddle barriers. Partitioning the c-space into domains of the minima 8 and domains of the barriers, we may think of liquid dynamics as hopping from a minimum, over a barrier, and into a neighbor minimum. We refer to the domains of the minima as the wells, to distinguish between an actual minimum configuration and one in its associated domain.
The hopping rate among the wells, Wh, obviously plays a key role in this picture. Stillinger and Weber 8 introduced wh and measured it in a computer simulation of atomic liquids, verifying its Arrhenius T dependence. Neighbor minima typically differ by the positions of only a few particles,S so the liquid acts like it is a composite of few (denoted z)-body "independent rearranging regions." Thus Wh is an extensive quantity and the physically interesting rate is 5 wh =.
(w hZ/ N), the rate/region. At a minimum all the eigenvalues of the force constant matrix G are real (upward curvature of U in all directions) and all the frequencies positive. A low-T crystal is always very near a minimum and the application of NMA is greatly simplified. Since the liquid visits the barriers and anharmonic regions of the wells, however, G has negative eigenvalues (downward curvature of U in some directions) and imagi-nary frequencies. Naive use of solid-state NMA with imaginary w's would lead to unphysical exponential growth. Nevertheless, it is possible, with the development of some new theory, to use (p(w» in liquid-state calculations.
. 10 The contributions of the real frequencies (stable modes) and imaginary frequencies (unstable modes) are considered separately, (p(w»=(Ps(w»+(Pu(w», and the imaginary-w contribution is plotted along the negative-w axis. We normalize (p(w» to unity and denote the area of (Pu(w» as fu, the "fraction of unstable modes;" we have proposed this quantity as a measure of fluidity, of diffusivity. Some different normalization conventions will be introduced for molecular liquids.
In the model which we have pursued so far, anharmonicities in the wells are neglected and (Ps(w» describes harmonic oscillations in the minima; (Pu(w» provides information about barrier crossing. For times short compared to the inverse of the hopping rate/independent region, wh, or for frequencies large with respect to wh, barrier crossing can be ignored and one can just proceed with ordinary solid-state NMA techniques, employing (Ps(w» as "the" density of states. In an atomic harmonic crystal, the Fourier transform, C(w), of the velocity correlation function, CCt), obeys the relation, C(w) =(kT/m) Zwanzig, 12 modified by us,9 may then be used to obtain C(t) for all time, and thus D. We also found,6 in constant-P quenches of supercooled atomic liquids, that a remarkably simple formula held over a broad range of T and P, viz., D-fu(w u ) ' We now will demonstrate that the ideas just summarized are applicable to molecular liquids, where new possibilities present themselves as well.
II. NORMAL MODE ANALYSIS IN MOLECULAR LIQUIDS WITH INTRAMOLECULAR DEGREES OF FREEDOM
The calculation of the normal modes of a molecular liquid is no different from the calculation of the normal modes of a harmonic crystal. However in the molecular liquid case the potential functions differ from atom to atom, especially from atoms within a molecule and between molecules. The (p(w» has features similar to the gas phase (p(w», and it would be reasonable to suspect that the eigenvectors also have similar features. We aim to resolve the liquid-phase modes according to the well known isolated molecule categories, and thus to introduce densities of states, (p'Y(w», for particular types of modes. Resolution into translation and rotation for rigid diatomics was done in Ref.
1.
We proceed similarly to Ref. 1. The normal modes are 9N dimensional. We create 9N-dimensional isolated molecule modes by first finding the orientation of each flexible molecule from its moment of inertia tensor. The components of the 9 N-dimensional isolated molecule vector of type yare then the atomic displacements generated by N equilibriumgeometry molecules, each in the determined orientation, each executing isolated molecule normal motion of type y. The liquid state modes are decomposed by projecting them onto the isolated molecule modes; the projections give each liquid mode a certain fractional character of the different isolated molecule modes, with the fractions summing to unity. Binning the modes weighted by the y fraction for a given configuration ro yields p'Y(w;ro), and we carry out the procedure for each configuration sampled to obtain (p'Y(w;ro». We classify the nine isolated molecule modes into six distinct types y. one asymmetric stretch, one symmetric stretch, two bends, one trans-II, two trans-.l, and two rotations.
Take for example the symmetric stretch of the CS 2 molecule; the mode associated with this stretch is one in which the two sulfur atoms are both moving toward or away from the center carbon. In the gas phase this is well defined, even for molecules which are not in their equilibrium geometry. In the liquid case it is not so clear, because there are contributions from the surrounding molecules. However if motion of the two sulfur atoms of the same molecule in the liquid is similar to the gas phase motion then the mode will be predominately a symmetric stretch.
The gas phase translations and rotations are zero frequency modes, but in the liquid case these have a completely different physical interpretation. A molecule that is translating will not do so freely as in the gas phase, but will interact with other molecules. These interactions will lead to modes of the liquid that have low but nonzero eigenvalues. For example, two molecules in a T shape might have a breathing mode, where the molecules move away and back together. In the gas this motion would be zero frequency with both molecules moving freely. When we apply the described procedure of the last paragraph to this particular mode of the liquid it will have a large fraction of translation along the axis of one molecule and a similar fraction of translation perpendicular to the axis of the other molecule. Our method will then decompose the liquid "breathing" mode into equal fractions of gas phase trans-II and trans-.l character.
Computation details: The potential model we use 2 ,13 is a three site Lennard-Jones with intramolecular vibrational motion. We have chosen a harmonic potential for the bend and a Morse on the stretching degree of freedom: The cross terms are obtained from the combining rules, uab= 1I2(u a +ub) and Eab=(EaEb)"2. We use the reversible multiple time step algorithms 14 to solve the equations of motion. The "velocity Verlet" algorithm was used for both the inter-(IO fs) and intra-(1 fs) molecular time steps.
The system was equilibrated in the usual way for molecular dynamics. From the crystal structure at the desired final density we heated the system up to some high temperature by scaling the velocities so that we obtain the desired temperature. We then cooled the system by scaling the velocities so that the instantaneous temperature was the average temperature desired. We could not set up the CS 2 molecules in their equilibrium geometries (r= ro) since the high frequency mode (asymmetric stretch) did not exchange energy rapidly with other modes, although the symmetric stretch and bending modes did equilibrate relatively quickly. We distributed the bond lengths as a Gaussian around the eqUilibrium distance. The width of the Gaussian was determined by the temperature that was desired so that the atom internal temperature was the same as the center of mass temperature. The lengths of the bonds were adjusted in a simulation until the two temperatures matched. Without this rescaling the system would take between 50 ps and 100 ps before reaching equilibrium.
The density and temperatures were chosen so that they corresponded with experimental state points. For densities and temperatures where there was no experimental data (i.e., supercooled region) we linearly extrapolated from known points. The procedure works fairly well for supercooled liquids but is not physical for glasses or solids. This is clearly seen by the average pressures calculated for each run. In the liquid and supercooled region the average pressure fluctuates around zero, but in the glass and solid region the pressures are much higher (4000 atm at 0 K, and 1600 atm at 50 K).
To reach a specific temperature and density an equilibrated system at 400 K and at the final density was prepared. The velocities were then rescaled to give the correct temperature for 5 ps, after which the system was equilibrated for 20 ps. The data collection run were for 100 ps, where an instantaneous configuration was saved every ps, thus the nor- 
III. RESULTS AND QUALITATIVE DISCUSSION
We are going to use the intermolecular densities of states to calculate both the velocity correlation functions and the self-diffusion constants. These calculations will not, however, exhaust the enormous amount of information contained in our results. Thus we will give a qualitative discussion of some of the more significant other points before proceeding to the detailed calculations.
Some of the results for four representative temperatures, T=100, 165,210, and 293 K, are in Figs. 1-6. The freezing point of our P = 1 atm system is 165 K and we estimate that the glass transition occurs at 100 K, so we are showing the supercooled liquid just above the glass transition, the liquid : .... .;.:>;./:./;~\{ . . 
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at the freezing point, and two normal liquid points. In Fig. 1 we give the unresolved (p(w) at 165 K, over the full w range (w in cm-I ). In Fig. 2 , we display the intermolecular band at 165 K, resolved into trans-II, trans-.l.., and rotation. The T dependence of the intermolecular modes, unresolved, trans-II, trans-.l.., and rotation, is illustrated in Figs. 3-6 .
Since our potential includes intramolecular degrees of freedom, Fig. I shows the bending mode at -400 cm -I, the symmetric stretch at -600 cm -I, and the antisymmetric stretch at -1600 cm -I. We believe that the widths and the couplings of the intramolecular peaks can lead to a new approach to spectroscopy in liquids. However we will save this for the future and concentrate on the intermolecular modes here.
As T is increased, the intermolecular (Ps(w) narrows (Figs. 3-6 ), i.e., occupies a lower frequency range. This is in contrast to the constant density behavior where 7 (p.(w) broadens with increasing T. Clearly, the decrease in density with increasing T at constant P, lowering the "force con- stant" of the liquid, is winning out over the effects operating at constant density. The stable modes allow short-time estimates of time correlation functions; these will be discussed in the next section. Here, simply note that the trans-.l.. (Ps(w) goes to higher w than does trans-II, which is reasonable l5 since motion .l.. to the long axis should be more strongly hindered, i.e., a stronger force constant. The rotations are at frequencies comparable to the trans-.l...
Turning to the unstable intermolecular modes (Fig. 6 ), the rotational (p~t(w), structureless at the lower T's, shows a distinct low-w peak growing in at the higher T's. We are not sure of the cause of this fascinating phenomenon, but we do have some ideas. Although our simplest NMA idealizations have associated the unstable modes with barrier crossing, we have also recognized that unstable modes exist even in systems with no diffusion. Thus, contributions to (Pu(w) must also arise from anharmonicities in the wells which have nothing to do with diffusion. As will be discussed throughout this paper, we believe that such anharmonicities are more important for CS z than for atoms, largely because of the presence of rotations. We suggest that the low-w peak represents real rotational barrier crossing, while the broader rotational (p~ot( w) present at the lower temperatures represents the anharmonicities.
The division of the unstable rotational modes into the contributions of barrier crossing and of anharmonicities in the wells, (p~t( w) = (p~ot( w) )bar+ (p~ot( w) )anharm, is consistent with some explanations 16 of the "a" and "f3" relaxation processes in supercooled liquids. Above the bifurcation temperature, T b , a single relaxation (usually rotational) process is observed, while below T b a strongly T-dependent (Arrhenius or stronger, r -7] ) a relaxation and a more weakly T-dependent f3 relaxation is observed. In the explanations under consideration, a relaxation results from rotational dynamics arising from local molecular rearrangements, while f3 relaxation occurs within a fixed local struc-ture. We suggest that a relaxation results from barrier crossing, and f3 relaxation from anharmonicities in the wells (there is no relaxation in a truly harmonic well A point of primary interest is that the T dependence of (Pu(w» is dominated by the growing in of the translational unstable modes at low w, on a more weakly T -dependent rotational background. In our work on atoms we associated fu with fluidity and diffusion. It is now clear that, with more degrees of freedom, more care is needed in two respects. First, diffusion is a translational phenomenon, so it must be correlated with translational (Pu(w». Any attempt to relate diffusion to the unresolved (Pu(w» would lead to nonsense, with fu dominated by rotations. Secondly, in view of the last few paragraphs, fu could be dominated by rotational anharmonicities having nothing to do with barrier crossing; these must be removed to do transport theory via NMA in molecular liquids.
IV. TIME CORRELATION FUNCTIONS FROM STABLE MODES
In atomic supercooled liquids, we showed 5 that C(w) was available from (Ps(w» in a w range that increased as D decreased. Here we propose the extended relation for three velocity correlation functions,
(y= trans-ll,trans-1. ,rot), where rot refers to the angular velocity correlation; recall that wh is the hopping rate among the wells per independent rearranging region. The relation between NMA and rotational dynamics was studied by Buchner et al. 1 True equality is not proposed. The densities of states vanish at w=O, while the correlation functions go to a finite value proportional to the corresponding transport coefficient; the hope is that the w range of validity expands as T decreases. Even then, we require harmonic oscillations in the wells for agreement. Equation (1) three mode types in the supercooled liquid (T= 100 K), at the freezing point (T= 165 K), and in the normal liquid (T=21O K and T=293 K).
We have not actually calculated the rotational velocity correlation, but, rather, have estimated the second derivative of the dipole correlation, which should be roughly proportional; a similar approximation was shown to be accurate in Ref. 1. For flexible CS 2 we have no angular variables, just atomic positions. We define a unit vector u parallel to the S -S vector and calculate (u(t) ·u(O». The negative of the second derivative of this correlation function is the quantity we seek, «aulat)(t) . (aulat) (0». The second derivative is taken numerically, which may introduce inaccuracies into the correlation function.
The most striking result is the extremely good success of Eq. (1) for the trans-1. velocity correlation; the NMA approximation is adequate at the highest T and nearly quantitative at the lowest. It seems reasonable that translations 1. to the axis are the most hindered motions in the liquid, so the perfonnance of NMA here is consistent with the idea that NMA is best suited for the least-fluid dynamics.
Agreement is good for the trans-II velocities, and is fair for rotational velocities, improving in both cases with decreasing T. Buchner et al. also concluded l that NMA gave better approximations for the linear velocity correlations than for the angular. We suspect that the minima are highly anharmonic with respect to rotational motions; the T-dependence of (Pu(w» for rotations, discussed above, supports this view. Thus, even in the absence of barrier crossing, Eq. (1) must be modified for a good theory of rotational velocity correlations.
In sum, depending on the degree of freedom and the temperature, NMA allows nearly quantitative to fair estimation of the various velocity correlation functions. The method works best as T is decreased in the supercooled state, precisely where conventional techniques are least successful. We emphasize that (Ps(w» is a static, equilibrium average, so use of Eq. (1) is a static calculation of a dynamical quantity; putting it another way, with Eq. (1) we can calculate a time correlation function with a Monte Carlo simulation.
V. THE SELF-DIFFUSION CONSTANT AND THE UNSTABLE MODES
For constant-P quenches in atomic liquids we found that the relation, D-fu( w u ), worked extremely well over a broad range of supercooled P and T. The possible underpinnings of such an expression are discussed elsewhere;6,1l suffice to say that it is consistent with the assumption, D -wh' and with the use of transition state theory to calculate the hopping rate among the wells.
Here we separately consider 011, Dl., and D rot • Madden and Tildesleyl7 showed 011 = Dl. , for a calculation in which II and..l were always defined by the molecular axis at t =0. We use the instantaneous molecular axis, so we initially expected some differences. However, reorientation of the axis is slow compared to decorrelation of the velocity, and we also have NMA theory will be equally successful for DII and DJ.. Our D rot is not the usual Drot, but, rather, the time integral of the second derivative of the approximation to the first-order Legendre correlation function discussed in the previous section.
In the spirit of our earlier work, and of Eq. (1), we propose (2) (y=trans-ll,trans-J..,rot) , where c is a constant. Note that for translation c has the dimension of length squared; we expect c to be roughly the square of a molecular length traversed in barrier hopping. For rotation c is dimensionless but may be regarded as (radians)2 of rotation in barrier hopping.
The Ll in front of f~ indicates that, for CS 2 , it is necessary to subtract off contributions to the unstable modes from anharmonicities which have nothing to do with barrier crossing. Conceptually, this is required in all cases, but anharmonicities in the wells, apparently, were not so important in atomic supercooled liquids. Our actual recipe is at 100 K in our system and is an obvious choice for the point at which diffusion stops; n(T= 100 K) is a plausible measure of the contribution of nonbarrier-crossing anharmonicities to f!, although other measures can obviously be constructed. We should also calculate (w u ) in a manner that excludes the contributions of the anharmonicities. This is less important, since, due to the weak T dependence of (w u ), an error here mainly affects the value of the constant, c. We nevertheless wish to pursue this important point, which involves extracting and employing (pu(w»bar, and we shall do so in the future. MD NM 0.8 
VI. SUMMARY
We have performed normal mode analysis on a model CS 2 liquid with internal degrees of freedom, and we have presented densities of states, (p'Y(w), resolved according to mode type. A broad temperature range, including supercooled and normal liquids, was studied at densities corresponding to P = 1 atm. The different (p ' Y( w» are not at all alike, and their differences provide a wealth of new information about the dynamics of molecular liquids. The ideas used already in atomic liquids, both for estimation of the velocity correlation function from the stable modes, without the ability to predict D, and for the prediction of D from the unstable modes, work very well for molecules. One must simply calculate each physical quantity from a NMA expression employing the appropriate (p'Y(w) .
Considerable work remains to be done on NMA of molecular liquids. As mentioned earlier, we intend to seek applications to IR and Raman spectroscopy (Sastry et al. investigate in Ref. 4) . This may involve direct calculation of the peaks in (Ps(w) at the intramolecular frequencies, but the intermolecular part of (Ps(w) is also of interest. Suppose we attempt to calculate a Iinewidth via coupling to a phonon bath in a liquid, i.e., doing what is so familiar in solids. Preliminary steps in this direction have been taken by Fayer et at. 18 It is then essential to have the intermolecular liquid-state (Ps(w) and to know its temperature dependence, which are some of the issued discussed in Sec. III.
We also want to make contact with time-resolved femtosecond spectroscopy experiments. Since these are short time measurements, we believe that direct evaluation of the optical response function, X(t), with the stable modes should be successful. Not all correlations are as easy to calculate as the velocity correlations, however, and for X we require 4 the averaged w-dependent squared derivatives of the optical response with respect to the normal modes, ([(all! aq ) ' Y( W)]2) , where IT is a many-body polarizability tensor element. We are in the processes of calculating the derivatives and are eager to compare the resulting NMA expressions with experiment. 19 
